Present study investigates the viability of a photovoltaic-diesel-battery hybrid system for electricity generation in Nigeria. It aims to determine the economic, technical and environmental benefits of running a solar photovoltaic (PV) system in Nigeria climatic conditions. The solar irradiation for Abuja (latitude 9.08 °N and longitude 7.53 °E) and residential energy profile are used. The optimum size of the hybrid system is determined by making energy-balance calculations based on Hybrid Optimization Model for Electric Renewable (HOMER) software. The impact of interest rate and cost of PV system on the optimum configuration is investigated. Sensitivity analysis is performed by varying the annual average solar irradiation based on solar radiation map of Nigeria and diesel price to determine the viability for other locations. Results showed that the use of PV-diesel-battery system in Nigeria can bring benefits of cost saving and emission reduction without compromising the reliability. However, the range of economic benefits depends on the site meteorology, which varies from 21 to 61%.
INTRODUCTION 1
Electric power is the most widely used and globally desirable form of energy. It is an essential requirement for meeting the millennium development goals, and for improving the living standard of the citizenry. The reliability and affordability of electric power are, in particular, a critical component for sustainable development in virtually all sectors of the economy. Despite the importance of electricity in the economy, Nigeria is not able to generate adequate and reliable electricity to meet its growing demand [1] .
The inadequate supply of electricity has consistently led to load shedding, with adverse effects on domestic, commercial and industrial activities. As a result, most entrepreneurs have resorted to use fossil-powered sources. Diesel generators (DGs) are being used either as supplements to the utility grid or exclusively in remote sites, neglecting both the socio-economic and environmental implications, which could be very 1 Correspondence to Michael S. Okundamiya. E-mail: st_mico@yahoo.com; msokundamiya@aauekpoma.edu.ng Phone: +2348066263858 alarming [2] . For instance, the cost of electricity production in Nigeria is nine times higher than that of China, and this has crippled the industrial sector [3] . Cost efficient energy solution is a serious problem hindering the economic growth in Nigeria.
The rising need for energy sustainability has made green technology, such as solar, a promising energy source. The solar photovoltaic (PV) system is a clean source of power, which does not emit greenhouse gasses. The use of PV system as a supplement to fossil-powered source can reduce the unit cost of power, but the range of financial benefits depends on the geographical coordinates [4] . The reason is that the solar energy depends highly on weather conditions. Moreover, the viability of a hybrid system is a function of the configuration, which depends on the size or allocated capacity, mix of power sources and the dispatch strategy.
This study examines the viability of the PV-dieselbattery power system for domestic electricity generation in Nigeria. The objectives are to determine the economic, technical and environmental benefits of running a PV system under different climatic conditions. The methods adopted to achieve set objectives are described in the next section. The results are presented and discussed in the following section. The conclusion is given in the last section.
METHODOLOGY

Resource and Data
Nigeria is a high insolation country with solar radiation distribution across the different zones as shown in Table  1 . The annual average solar radiation varies from 3.5 kWh m −2 day −1 in the coastal areas to 7.0 kWh m −2 day −1 along the semi-arid areas in the far North of Nigeria. On the average, Nigeria receives daily solar radiation of 5.5 kWh m −2 day −1 [5] . These data show that there are good prospects for PV applications in Nigeria.
The monthly average daily solar irradiance data used for the study as shown in Figure 1 extend from 1984 to 2005. These data are supplied by National Aeronautics and Space Administration [6] for Abuja. The daily pattern of domestic electricity consumption in Nigeria described in literature [6] is used. The annual seasonal profile, shown in Figure 2 , is synthesized from the daily profile by adding some randomness to account for realtime hourly and daily variations taken as 15 and 10%, respectively.
Methods
The study utilized HOMER software for the design and analysis of the hybrid power system. HOMER allows for comparison with various design options, which makes it easier to assess the techno-economic benefits of different power system configurations. As a result, the software is widely used for the design and simulation of micro-power systems [7] . The proposed photovoltaicdiesel-battery system is composed of a PV system, a diesel generator (DG), a battery storage system, a converter as well as AC loads as shown in Figure 3 . The output power of a PV array can be calculated by the given equation [8] :
where, f PV is the PV de-rating factor, Y PV is the rated capacity of the PV array (kW), I T is the global solar irradiation incident on the surface of the PV array (kW m −2 ), and I S the standard amount of irradiation used to rate the capacity of the PV array which is 1 kW m −2 . The de-rating factor accounts for the adverse effects of dust, wire losses, and elevated temperature, on the performance of the PV array [9] . The lifetime (year) of a diesel generator is stated as follows [8] :
where, L gen,h is the generator lifetime (h), and N gen is the number of hours the DG operates during one year (h year −1 ). If the diesel generator is running at time t the fuel consumption (L) is calculated by Equation (3) else the fuel combustion at t is zero.
where, a o is the generator fuel curve intercept coefficient (L h −1 kW rat −1 ), a 1 is the generator fuel curve slope (L h −1 kW out −1 ), P rat is the rated capacity of the generator (kW) and P out is the output of the generator at time t (kW). The generator's minimum load ratio is assumed to be 30%. A battery increases the system investment cost [10] , but it is required because of the following benefits. It cancels out unpredicted power fluctuations, stabilizes voltage and frequency, improves the power supply quality, reduces fossil fuel usage and provides security of energy supply [11] . The battery bank lifetime is determined by the following equation [9] :
where E lt,tp is the lifetime throughput of a battery (kWh), E ann,tp is the annual battery throughput (kWh year -1 ), L bat is the battery bank life (year), N bat is the number of batteries in the bank and L b,f is the battery float life (year). A deep cycle battery is widely used in renewable systems. The power system described is designed to provide electrical power to a residential area, such as a small estate comprising of 15 households. The design can also power a larger area of about 50 households, but with a daily average energy consumption not exceeding 5.7 kWh per household.
Real-time electric load tends to jump around randomly. As a result, an operating reserve is needed. A power system, which includes renewable sources such as solar requires more operating reserve to guard against random decreases in the renewable power supply. In the case of a rise in energy demand or decrease in solar radiation, the operating reserve prevents the power system from going down.
The primary inputs used for sizing the PV-DGbattery design ( Figure 3 ) are given in Table 2 while the economic and technical constraints options used are given in Table 3 . The project lifetime and annual real interest rate considered are 25 years and 3.3%, respectively. The rate corresponds to the current cost of borrowing in terms of dollars. The cycle-charging strategy although, is capable of preserving the lifetime of both the battery bank and diesel generator the load-following (LF) strategy is employed. The reason is that the LF approach can minimize excess electricity generation and reduce the total Net Present Cost (NPC) of the system [12] .
The economic analysis is assessed by the COE (Cost of Energy per kWh) and the NPC of the system. The HOMER software determines the NPC of the system as the difference between the present value of all the costs of installing and operating the system over its life span. An option or mix of power sources is feasible if the power option can satisfy the load demand subject to the pre-defined constraints. The feasible option with the lowest total NPC and COE is considered as the most viable option.
RESULTS AND DISCUSSION
A comparison of the optimized PV-DG-battery system with PV-battery, DG-battery and DG-only system is given in Table 4 . The results show that the optimum PV-DG-battery hybrid system configuration has the lowest total NPC and COE (US$ 517,068 and US$ 0.297 per kW, respectively). As observed, the optimized PV-DGbattery system reduces the NPC by over 38 and 45% compared to DG-only and DG-battery respectively, with a corresponding reduction in the COE. In comparison with the PV-battery system, a decrease in NPC and COE is less than 5%. The moderate reduction in costs suggests that the variation in the cost of either PV system or diesel, and both can significantly influence the range of financial benefits of the PV-DG-battery system.
The effect of varying interest rate and PV system cost on the optimum configuration of the hybrid system (with diesel price fixed at 1.05 US$ per liter) are shown in Fig. 4 . The graph provides visual information on the optimum cost of the system, given a projected change in PV system cost and interest rate.
As noticed, a greater than 25% decrease in PV cost and interest rates suggests that the PV-battery system can be a viable option for Abuja and other areas with a similar meteorology. In particular, the PV-battery system gives the optimum cost option of US$ 0.240 per kW at PV capital cost of US$ 1,400 per kW (30% cost reduction) and an interest rate of 1.6% (45% rate reduction). The reason is that lower PV cost increases the contribution of renewable in the hybrid power system and this in turn reduces the total NPC of the hybrid system.
The electrical properties of various energy options are compared in Figure 5 . The electricity characteristics vary for different options. A significant change in energy production and consumption is observed for options, which include PV. The variation is due to the intermittent nature of the PV as a source of power. The PV-battery option gives the highest excess energy percent (45%). The power system, which includes renewable such as PV always produces excess energy for few moments to guarantee, continues power supply. It is worth mentioning that the inclusion of diesel generator to provide power for such periods can reduce the COE, because the cost of excess generation is accounted for in the total NPC.
The optimum PV-DG-battery system reduces the excess capacity from 45 to 31% but with the release of pollutant emission into the environment. For example, augmenting PV-battery option with 5% of the electric power production from diesel generator emits 8790 kg of CO 2 per annum as shown in Table 5 . However, when compared with the exclusive use of diesel generator as a power source in remote locations, the use of the optimum PV-DG-battery system can reduce the CO 2 emission per annum from 92,606 to 8790 kg year -1 . A significant reduction of over 90% in CO 2 emission from residential energy consumption can make the environment more "green" and eco-friendly. 
Determination of the viability of proposed photovoltaic-diesel-battery power system option across Nigeria.
Sensitivity analysis is performed by varying the annual average solar irradiation based on solar radiation map of Nigeria and diesel price as shown in Figure 6 . The significance of the analysis is that it assists potential investors or energy consumers, and both in selecting the most viable power system option at other locations with a similar energy consumption pattern. The two most viable power system options are PV-DG-Battery and the PV-Battery systems. The area covered by each system is a function of the diesel price and solar irradiation.
For coastal regions or southern part of the country with annual average solar radiation ≤ 5.0 kWh m −2 day −1 the PV-DG-Battery is the optimum choice irrespective of diesel price. However, as the solar radiation increases, the viability of hybrid power system at relatively high diesel price decreases. The PV-Battery system is the most viable choice in arid regions (north-eastern Nigeria) when the diesel price and solar radiation are greater than US$1.2 per liter and 6.0 kWh m −2 day −1 respectively. Therefore, any increase in diesel price beyond US$1.2 per liter cannot influence the optimum value at arid sites. In contrast, the optimum cost reduces as the global solar radiation increases, for a given diesel price.
Electric power (utility) grid versus proposed optimized stand-alone photovoltaic-diesel-battery hybrid power system.
For ease of comparison, first, the energy consumption pattern of different households is assumed to be similar to that described in Figure 2 . Based on the assumption, the monthly average electricity consumption per household (E tot ) is 574 kWh, since the total consumption of considered area is approximately 103,295 kWh per annum. The monthly total cost of energy payable by each household for the photovoltaic-diesel-battery hybrid generation is US$ 170.48 or N 26,695.50 ‡ . i.e., the cost of energy per kWh (see Table 4 ) × monthly total kWh of electricity consumed. The monthly electricity costs payable by each family for selected areas are determined by a similar analysis using the optimized value obtained from the sensitivity analysis shown in Figure 6 . PHC, which is located in south-south zone, has an average global radiation and diesel price of 4.2 kWh m −2 day −1 and US$ 1.0 per liter respectively. Second, where the grid power network is available, the electricity distribution company can satisfy the required energy demand. Moreover, the effect of the grid interconnection fee (a one-time fee paid for connecting to the grid) on the monthly total cost of energy payable by each household is negligible. Based on this assumption, the monthly total cost of grid electricity consumed is calculated as [13] : C tot =1.05*(C f + E tot × COE), where C f is the monthly fixed charge (US$). The factor (1.05) account for the 5% value added tax charged on grid power consumption in Nigeria. The monthly cost of energy for R3-residential consumers for selected areas across Nigeria is compared with that of the proposed hybrid system in Table 6 . The monthly grid electricity tariffs (fixed and energy charges used) of the different electricity distribution companies for R3-residential consumers are obtained from the revised multi-yearorder-tariff (MYTO-2) 3 .
In terms of grid versus off-grid application, Abuja is the most viable location for siting the proposed PV-DG-Battery hybrid power system. A monthly cost saving in the range of 123 -274 US$ per month (42 -62 %) can be achieved depending on the electricity distribution company serving the considered consumer. On the other hand, the lowest financial gain of US$ 47.6 3 http://www.nercng.org/ [Accessed: August 13, 2014] per month (21%) would be realized if the proposed hybrid power system is sited at Ibadan. In addition to the cost benefits, the proposed energy system has a negligible downtime. In contrast, the power supply reliability of the utility grid network in Nigeria varies from about 39% in the northern region to 66% in the southern region. On the average, energy consumers can only access the grid power for only 13 hours daily [6] .
CONCLUSION
The viability of a photovoltaic-diesel-battery hybrid system running under varying climatic conditions has been determined by making energy-balance calculations based on HOMER software. The economic, technical and environmental benefit of the hybrid system is a function of the configuration, which depends on the size, site meteorology, mix of power sources and the dispatch strategy. Results showed that the use of PVdiesel-battery system in Nigeria can bring benefits of cost saving and emission reduction without compromising the reliability. In particular, the range of economic benefits varies from 21% in the southern to 61% in the northern part of Nigeria. A significant reduction of over 90% in CO 2 emission from residential energy consumption can make the environment more "green" and eco-friendly.
